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ECONOMIC OPERATION OF TURBO-ELECTRIC 
STATIONS. 


By C. T. Hirsurexp and C, L. Karr. 


INTRODUCTION. 


Under war-time conditions, with the demand for fuel taxing the 
productive capacity of the mines and exceeding the facilities for 
quick distribution, there is especial need of giving the utmost atten- 
tion to all methods whereby loss or waste of fuel may be minimized 
or prevented and all heating or power plants worked at highest 
efficiency. 

The large central power or heating plants, such as are now in 
service in many cities, offer special opportunities for practical appli- 
cation of fuel-saving methods, because the increase of economy can be 
had by making changes that are practicable within a reasonable time 
and do not call for the employment of higher engineering super- 
vision than is already available; whereas the losses at small plants, 
although vastly greater in the aggregate, require the education, 
training, and supervision of boiler-room employees and, at many 
plants, the replacement or extensive modification of present equip- 
ment. 

In a series of publications? the Bureau of Mines has discussed the 
yarious problems involved in obtaining higher furnace efficiency at 
the smaller heating and power plants, especially those with hand- 
fired boilers. The present paper discusses the economies to be 
effected in the use of fuel through changes in operating methods at 
large power plants having turbogenerators. 


*Flagg, S. B., Cook, G. C., and Woodman, F. E., Experiments with furnaces for a 
hand-fired return tubular boiler: Tech, Paper 34, Bureau of Mines, 1916, 382 pp. 

Clement, J. K.. Frazer. J. C. W., and Augustine, C. E., Factors governing the combus- 
tion of coal in boiler furnaces, a preliminary report: Tech. Paper 63, Bureau of Mines, 
1914, 46 pp. 

Kreisinger, Henry, Hand firing soft coal under power-plant boilers: Tech. Paper 80, 
Bureau of Mines, 1915, 83 pp. 

Kreisinger, Henry, Ovitz, F. K., and Augustine, C. E., Combustion in the fuel bed of 
hand-fired furnaces: Tech. Paper 1387, Bureau of Mines, 1916, 76 pp. 

Flagg, S. B., Firing bituminous coals in large house-heating boilers: Tech. Paper 180, 
Zureau of Mines, 1917, 22 pp. 

Kreisinger, Heury, Ovitz, Ff. K., and Augustine, C. E., Combustlon and furnace design: 
Bull, 145, Bureau of Mines, 1917, 144 pp. 
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6 TURBO-ELECTRIC STATIONS. 
FACTORS DETERMINING FUEL ECONOMY. 


The maximum economy attainable in the use of fuel in any given 
turbogenerator station is determined by the characteristics of the 
apparatus installed and by the way in which that apparatus is assem- 
bled and connected—that is, by the design of the station. 

The actual working economy is determined by the fuel used, by 
the temperature of available circulating water, by the character of 
the load to be carried, and by the operating methods adopted. 

Under normal conditions that fuel should be used which gives 
the minimum figure for the sum of the following items: 

1. Cost of coal delivered to storage. 

2. Cost of preparing coal for use, as by crushing or screening. 

3. Cost of transferring coal from storage to bunkers. 

4. Cost of transferring coal from bunkers to furnaces. * 

5. Cost of removing refuse. 

6. Cost of rehandling and other labor caused by spontaneous com- 
bustion. 

7. Maintenance of coal-handling, preparing, and burning equip- 
ment. 

8. Capital charges on equipment required to generate the required 
amount of steam. 

In the present state of knowledge there is no method of deter- 
mining, by reasoning or by analysis, the coal that will give this 
minimum. In general, each variety available in a given district 
must be given a trial thorough enough to enable the operating engi- 
neer to obtain actual cost figures. As a rule a medium-price coal 
gives the best results. Occasionally the coal that is most expensive 
on a ton basis really gives the minimum total of all costs concerned. 

The temperature of the circulating water is, in general, entirely 
dependent on the characteristics of the supply and on the effect of 
seasonal changes and is thus beyond the control of the operating 
engineer. 

The character of the load to be carried is also, in general, beyond 
the control of the operating engineer. Tle must accept that load 
which the industry or community that he serves gives him at any 
particular instant. Tis job is to carry that load throughout all of 
its variations in such a manner as to attain as nearly as he can the 
minimum production cost possible with the equipment available, but 
he must always carry this load in such a way as to obtain the degree 
of continuity of service demanded or desired. 

Operating methods of this sort require the closest study of all of 
the items entering into the cost of net or available power—that is, 
power leaving the plant and available for external use. Labor, sup- 
plies, and maintenance in turbine room and boiler room are just as 
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important as is fuel cost. No detailed operating method can be laid 
down as applicable to each plant, because apparently insignificant 
local pecularities may in reality greatly modify the most economic 
operating method. 

This paper is intended to consider only the effect of operating 
methods upon the fuel consumption, and the parts following are 
devoted entirely to that phase of the problem. However, in reading 
them, one must bear in mind constantly the more general considera- 
tions already enumerated. Methods giving the smallest fuel charges 
are not necessarily the most economical methods: true economy comes 
only from a realization of the complete problem and the use of an 
operating method which represents the best possible compromise be- 
tween the many conflicting interests outlined above. 

In a single plant with a given load curve, the fuel economy is de- 
pendent upon three distinctly different things. These are: 

1. The method used in distributing the load between the main units 
available; 

2. The methods used in the boiler room for producing the steam 
required ; and 

3. The method used for obtaining auxiliary power, or house 
service. 

‘These three branches of the problem will be considered separately 
in what follows. 


DISTRIBUTION OF LOAD BETWEEN MAIN UNITS. 


Most of the steam-driven turbogenerators built in this country 
have steam characteristics of the general type shown in figure 1. 
The steam required, per 
kilowatt-hour delivered, de- 
creases with increasing load 
until some best point is 
reached, after which in- 
creasing load causes an in- 
crease in the steam used per 
unit of power delivered. 
Or, the total steam con- 
sumption increases approx- 
imately according to a 


straight-line law until at a radeerteatentte 
some point the increase oc- Bia bib el ie ee aS 


curs at a more rapid rate, LOAD | 
causing the graph of total 
steam consumption to curve 
upward as shown in figure 1. Some turbines built recently possess 
steam characteristics giving more complicated graphs when plotted, 
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POUNDS STEAM PER KILOWATT-HOUR 
—_—_——> 


POUNDS STEAM PER HOUR 
—_—> 


Fic, 1.—Steam curves for turbogenerator. 
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8 TURBO-ELECTRIC STATIONS, 


but attention will be confined to the type shown in the figure because 
of the greater simplicity and because the same sort of reasoning 
can be used to evolve proper operating methods for units with more 
complicated characteristics. 


" WATER-RATE CURVES. - 


It is well known that steam pressure, superheat, and vacuum or 
back pressure all have marked effects upon the steam consumption, or 
water rate, of steam turbines. The water rate is decreased by in- 
creased pressure, by increased superheat, and by improved vacuum. 
Pressure and superheat may be regarded as fixed in any given plant, 
but the vacuum attained is of necessity quite variable, when con- 
sidered over long periods of time. 

It is therefore possible to obtain a whole family of water-rate 
curves for a given machine in a given station, each member of the 
family corresponding to a different vacuum, or back pressure. 

Moreover, the water rate of a given unit under given conditions of 
pressure, superheat, and vacuum also varies from time to time. The 
variations are apparently due to such things as deposits on blading, 
wear of blading, variation of clearances, settlement in bearings, and 
other uncontrollable factors. The exact shape and position of the 
family of curves mentioned is therefore constantly shifting. 

Any logical method of operating turbogenerators in such a way 
as to cause them to make minimum steam demands for given loads 
must obviously depend upon a fairly complete knowledge of the 
shape and location of their water-rate curves. These can be obtained 
only by water-rate tests, and it therefore follows that, for best opera- 
tion, routine testing of units at definite intervals is necessary. 

Experience has shown that it is necessary to test each machine 
through its entire range of load once in every eight weeks at stations 
operating continuously if a fairly exact knowledge of conditions is 
to be maintained. Tests'made at about five or six equally spaced load- 
ings generally suffice to determine the curves with the required de- 
gree of accuracy. 

Such a suggestion is apt to be discarded by many operating en- 
gineers on the grounds of difficulty or expense. As a matter of 
fact, neither of the arguments can be maintained in the face of 
figures that are easily obtainable. The cost of the testing equip- 
ment and the testing are more than paid by the savings effected 
through operating on the basis of known water rates. 


NEED OF WATER-RATE TESTS, 


Some of the recently built stations using surface condensers have 
incorporated the weighing tanks, scales, and piping necessary to per- 
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mit the crew to make weighed water-rate tests at a minute's notice. 
The work consists merely in opening and closing a few valves and 
taking the necessary readings. Tests of this sort are very accurate 
if made at fairly steady loads over long enough periods of time, and 
if condenser leakage and steam leakage are guarded against. Con- 
denser leakage is detected easily by well-known chemical methods if 
the circulating water is salt, and is just as easily and more expedi- 
tiously found if the circulating water is fresh by determining the 
electrical conductivity of the condensate. 

At plants having surface condensers that were constructed without 
provision for tests of water rate by weighing, it is often possible to 
install the necessary equipment at moderate expense. Particularly, 
when all hot-well pumps discharge into one header, it is usually a 
comparatively cheap and simple matter to install a parallel header 
with valves so arranged that any hot-well pump can discharge into 
weighing tanks while the discharge of the other pumps travels the 
customary route. 

In surface condenser plants in which weighing apparatus can not 
be installed, or in which water-jet air pumps are used, and in plants 
fitted with jet condensers, recourse must be had to steam meters of 
some sort. The results obtained in this way are not as accurate or 
trustworthy as those obtained by weighing, but they can be made 
accurate enough to yield results that will serve as a basis for operat- 
ing methods. 

It is therefore justifiable to assume that operating engineers who 
care to obtain the best possible results can make provision for such 
periodic testing as is necessary to give them a fairly complete know]l- 
edge of the water-rate curves of the units under their charge. If 
this is so, it is certainly rational to base further treatment of operat- 
ing methods on the assumption that the necessary water rates are 
known. 

The characteristic shape of the water-rate curve, with its well- 
defined minimum, shows plainly that a unit consumes the minimum 
quantity of steam per kilowatt-hour generated when running at the 
load giving that minimum. Moreover, the curve is generally of such 
a shape that the water rate does not vary greatly for considerable 
variations of load either side of that giving the minimum value. 
The operating method outlined below is based on these facts. 


COMBINING STATION UNITS FOR MINIMUM STEAM DEMAND. 


It is obvious that there must be some combination of the several 
machines generally available that will cause minimum steam demand 
for any given load. It is often casually assumed that this distribu- 
tion is that which causes all the machines in operation to carry loads 
as nearly as possible approximating those that correspond with the 

47412°—18—_2 
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minimum points of their respective load curves. This assumption 
is only correct when all machines have curves of the same shape and 
height; that is, when all have practically the same water-rate curve. 

For such conditions, the minimum steam demand is obtained by 
operating such a number of machines as will be required to carry the 
existing load when each of those operating is carrying a load near its 
best point. Thus assume a station containing two 10,000-kilowatt 
units and one 15,000-kilowatt unit, all having exactly the same water 
rate curve. Assume that for the conditions existing the two smaller 
machines have their best point at 7,000 kilowatts and that the larger 
.has its best point at 11,000 kilowatts. 

If a load of 10,000 kilowatts is to be carried, two of the small ma- 
chines might be operated at 5,000-kilowatt loads; or the large ma- 
chines might be operated alone; or the larger machine and one of the 
smaller might be operated in parallel with any desired distribution 
of load between them. With water-rate curves of usual shape it 
would be found that the single large unit operating at 10,000 kilo- 
watts would create a smaller steam demand than would the two 
smaller machines operating at 5,000 kilowatts each. 

Also, either of these combinations should make smaller steam de- 
mands than any possible combination of one large and one small ma- 
chine under the assumed conditions. The choice would then probably 
be between the first two possibilities. 

If continuity of service was not of great importance the opera- 
tion of the one large unit would be the correct solution. With such 
an arrangement, however, an accident that disabled the one unit op- 
erating would completely interupt the service. Therefore, when the 
operator is limited to obtaining the minimum steam consumption 
consistent with reasonably certain continuity of service he must 
choose to operate the two smaller machines despite the slightly 
greater steam consumption. An accident to one would probably 
cause no interruption because the other could pick up all of the load 
dropped by the disabled machine and still not exceed its own load- 
carrying ability. 

If a load of 15,000 kilowatts is to be carried it is perfectly obvious 
that the minimum steam demand will result from the use of the two 
smaller machines, each carrying 7,500 kilowatts. This arrangement 
is not consistent with reasonable assurance of continuity of service 
because the surplus capacity of one machine is not enough to absorb 
the load carried by the other in case of failure. As a matter of fact, 
continuity of service at this load could not be assured by any combi- 
nation of two machines, and if assured continuity were considered 
of great importance three machines would have to share the load. 
The best distribution under such condition could be determined easily 
by assuming different values for the load carried by the largest 
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machine, dividing the remainders equally between the other two and 
then determining the steam demand with each combination. 

Under the assumed conditions of like water-rate curves for all 
units the solution of the problem of obtaining assured continuity 
of service and low steam demand becomes simpler as the number of 
units available is increased and as the capacities of the units approach 
one common value, 

In practice it never happens that all units available have the same 
characteristic curves. Even if they are all of one design and of the 
same size, it will be found that their water-rate curves differ materi- 
ally. The problem actually met is therefore more complicated than 
that outlined above, but the principles involved in its solution are 
about the same. 


METHOD OF DETERMINING LOAD DISTRIBUTION. 


It is possible to determine mathematically the distribution of load 
between units so as to yield the minimum water rate for any given 
station load, but this method has not yet been reduced to a form 
easily understood and applied. An alternative cut and try method 
is therefore given here. It is less exact and is time consuming, but 
it is capable of giving excellent results if applied carefully. 

For the purpose of illustration, consider a station containing six 
units designated as A, B, C, D, FE, and F, with water-rate curves 
for given conditions approximately as shown in figure 2. Three 
of these machines might be called 10,000-kilowatt units, two 14,000- 
kilowatt units, and the largest a 20,000-kilowatt unit, but it is im- 
portant to note that what they are rated or called has nothing to do 
with the problem in hand. The curves show that each machine is 
capable of carrying a load up to some particular value and that it 
uses a certain different number of pounds of steam per kilowatt-hour 
at each different load up to that maximum value. 

For convenience in reading, the horizontal lines a, b, ¢, ete., have 
been drawn. The line a is tangent to the lowest point of curve E, 
that showing the water rate of the unit second in economy. The line 
6 has been drawn tangent to the lowest point of curve C, that of the 
unit ranking next, and so on. 

It is not probable that a station of the size indicated would carry 
loads as small as 2,000 kilowatts at any time, but the individual 
curves have been plotted down to that value and the analysis will be 
started at that point for the sake of completeness. Inspection of the 
curves shows that machine C has the lowest water rate at 2,000 kilo- 
watts and therefore is the machine which would be used for earry- 
ing a load of that magnitude. 

If a straightedge be placed across the figure horizontally at a 
height representing 14.5 pounds of steam per hour and be gradually 


Google 


12 TURBO-ELECTRIO STATIONS. 


moved downward while kept parallel to the horizontal axis it will 
cut all curves at equal water rates. Comparison of loads at different 
equal water rates on the several curves shows that machine C can 
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Fic, 2.—Water-rate curves for six turbogenerator station units, showing relations of load and steam consumption. 
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carry any load from 2,000 
kilowatts up to about 9,000 
kilowatts more economi- 
cally than any other ma- 
chine. 

Beyond this point ma- 
chine E should be given 
the load. It can carry 
loads from 9,000 to 12,500 
kilowatts more economi- 
cally than any other ma- 
chine. 

Beyond that point the 
load should be given to F, 
and it is obvious from the 
figure that this machine is 
fitted to carry from 12,500 
up to 18,000 kilowatts 
more economically than 
any other. 

Next, it is necessary to 
decide whether a _ load 
above 18,000 kilowatts can 
be carried more economi- 
cally on F alone or on 
some combination of ma- 
chines. 

Actual numerical trial 
will show that the greatest 
economy will be obtained 
by carrying load on F up 
to some point above 18,000, 
but that somewhere be- 
tween 18,000 and 19,000 
kilowatts the load should 
be shifted to C and E, giv- 
ing about 8,000 to C and 
about 11,000 to E. Such 


a combination would yield a water rate of about 11.8 at 19,000, as 
against about 11.85 for the same load on F alone. The point of 
change may be assumed at about 18,500 kilowatts. 
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Tt is next necessary to discover how far to carry the load on the 
combination C and E. Inspection of the curves indicates that 8,000 
kilowatts on C and 12,600 on E will give a load of 20,600 kilowatts 
with a water rate corresponding to the height of the line b. Inspec- 
tion also shows that 8,800 on E and 12,400 on F will give a total load 
of 21,200 with the same water rate. 

Obviously the load would be carried on C and E from a total of 
18,500 to about 21,000 after which it would be carried on E and F 
to a total of 12,600-+19,600=33,200 kilowatts. The best distribution 
between E and F at each different load between 21,000 and 33,200 
must be found by cutting and trying, but it is obvious from the 
curves that at loads between 11,000+14,000=25,000 and 11,000-+ 
18,000=29,000 the load will be held constant at 11,000 on E and 
the remainder will be taken on F. 


KILOWATT-HOUR 


POUNDS STEAM PER 


0 2 4 6 8 1 2 Mu 6 18 20 2 2&4 6 2B 30 3 
STATION LOAD, THOUSANDS OF KILOWATTS 


Fic, 3.—Water-rate curve for different station loads, 


Beyond a load of 38,200 kilowatts the possibility of using machine 
C must be considered because the water rate when carrying that 
load on E and F in parallel is the same as the best water rate on C. 
As a matter of fact the load would have to be increased beyond 
33,200 before C is utilized because this unit can not be utilized with 
the water rate in question at a load less or greater than about 8,000 
kilowatts. 

This sort of analysis can be carried through in the way outlined 
until a loading schedule has been developed for all loads between 
2,000 kilowatts and the maximum of which the station is capable. It 
is laborious and slightly confusing when more than three machines 
are being considered, but the fuel savings that can be effected by 
operating on schedules developed in this way are so great as to amply 
justify much more labor than can possibly be involved in utilizing 
this method, 

The water rates for different station loads that result in the case 
assumed above have been plotted in figure 3 up to the point to which 
the analysis was carried. It should be noted that the curve gives 
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only the water rates resulting from the operation of the main units 
and that the real station water rates will be further modified by 
steam used for heating, warming, and starting units, and for oper- 
ating auxiliaries. 

It is also interesting to note that the curve is far from smooth but 
that it shows a gradual downward trend to a load of 16,000 kilowatts. 
Beyond that point it must show a gradual rise because of the necessity 
of utilizing machines at less economical points or less economical 
machines in order to obtain the greater capacity. 

In the analysis as carried out attention was given to one point only, 
namely that of obtaining minimum water rates at each load. In 
practice other considerations must be borne in mind. Thus, operating 
requirements do not permit the frequent starting and stopping of 
machines to meet a violently swinging load, nor would such fre- 
quent starting and stopping give the results desired because of the 
necessary incidental waste of heat. 

Again, in the analysis, one machine was assumed to operate alone 
at the smaller loads and to be used if necessary well up toward its 
maximum capacity. It is possible that some stations might be will- 
ing to operate in this way, but if assured continuity of service was 
desired such operation would not be permissible. 

Further, the arrangement of auxiliaries may often be such as to 
change the conditions decidedly. That arrangement giving the 
greatest economy, in so far as the main units are concerned, may be 
far from the best when the thermal cost of auxiliary power is taken 
into account. 

Such considerations as well as others of a more or less local 
nature must always be given full weight. It is generally most con- 
venient to prepare an operating schedule as suggested above and then 
to modify this, at various points, as necessary to meet other conditions. 

It is also essential to bear in mind the fact that in normal cases 
schedules of this sort are good for about two months only. After 
that they must be revised, on the basis of experimentally determined 
curves, to meet the new individual water rates produced by changes 
in the temperature of the circulating water and by changes in the 
conditions of the turbines themselves. 

The most advantageous distribution of load between stations can be 
determined in the same way as has been suggested for the distribu- 
tion of load between the machines of one station, When two or more 
stations are contiguous or are so operated that they may be treated 
like parts of the same station, all of the units may be considered as 
separate entities and the analysis performed just as was done above. 

When, however, the stations are operated independently and sim- 
ply share the load as dictated by a system operator or other corre- 
sponding individual it is more convenient to proceed in a different 
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way. The water-rate curve for each station as a whole is drawn in 
about the same way as shown in figure 3 (p. 13), and these total curves 
are then handled as were the curves of individual machines in the pre- 
ceding analysis. This method does not give the lowest water rate 
theoretically obtainable with perfect freedom in making all desirable 
combinations of all of the individual machines in all of the stations, 
but in practical operation it often yields more satisfactory results. 

The same sort of analysis is obviously applicable to the case of 
transfer of load between independent companies with connected net 
works. Here the problem is still further complicated, in general, by 
the difficulty incident to obtaining complete information with regard 
to the characteristics of both stations and the further difficulties 
experienced in obtaining the sort of cocperation bet ween independent 
organizations which is necessary to utilize to the full the results of 
such analyses. 

Moreover, the electrical characteristics of the transmission network 
must be taken into account when distributing load between two or 
more power plants or systems. Losses of various sorts in the network 
often make it necessary to apportion loadings differently than would 
result from a consideration of the thermal characteristics of the sev- 
eral plants concerned. 


BOILER-ROOM OPERATION. 


The boiler-room operation, like turbine-room operation, should be 
based upon the characteristic curves of the apparatus available. 
Here the characteristic curve of importance is one showing the values 
of the combined efficiency of the boiler unit at all different loads 
within its operating range. By combined efficiency is meant the 
value obtained by dividing the heat supplied the material passed 
through the boiling vessel in a given time by the total heat in the fuel 
passed through the furnace in the same time. 

This curve has a characteristic contour; it is always domed like 
the curves shown in figure 4. The exact shape of the curve, its 
height, and its extension to left and right vary with the proportions 
and type of apparatus and can be determined only by careful experi- 
ment in each case. 

The word careful is used advisedly. In the first place, accurate 
water measurements and accurate coal measurements are necessary. 
Second, careful sampling and analysis of coal are essential. And, 
third, the tests must be conducted with full appreciation of the dif- 
ferences between operating conditions and test conditions as ordi- 
narily understood. 

If the tests are to be of maximum use in the operation of the boiler 
room they should not be run under conditions that would be ex- 
pected to give results better than those attainable with the exercise 
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of the average amount of skill and patience of the operating crew 
in the daily routine of plant life. Tests made under better conditions 
are interesting as showing results toward which to aim, but they 
have not the same utilitarian value as tests made under conditions 
that as nearly as possible represent the best that can be reasonably 
expected as maintained performance. 

For example, the water-washed surfaces of the boiler should be in 
average condition; that is, covered with about the quantity of scale 
and mud that would be expected about halfway between cleanings. 
Again, the gas-washed surfaces should be cleaned to the same ex- 
tent and at the same time intervals as in daily routine operation. 
Further, the fireman or operator should not be the best, nor the 
poorest available; he should represent about the average operator 
in the plant. 
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Fic. 4.—Curves showing combined efficiency of boiler unit at different loads. 


Tests run under such conditions may not give results approaching 
advertised records but they have the virtue of telling very nearly the 
average truth with regard to possible operating results. 

The upper curve, given in figure 4, represents good practice with 
large boilers operated without economizers and with underfeed 
stokers a little larger than the average for a given amount of boiler 
surface. The values shown could be obtained under operating con- 
ditions, with skillful operators, supplied with complete sets of in- 
struments for guiding them in the making of adjustments. It is 
probable, however, that few operating crews could be kept so 
very efficient as to maintain conditions giving a curve of this 
height. Values 2 to 3 per cent lower would in most cases repre- 
sent extremely good practice. The great majority of operating 
crews would probably obtain curves from 5 to 10 per cent below that 
shown. 
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Whatever the actual height, the general shape of the curve for 
stoker-fired boilers should not be very different from that illustrated. 
This shape is of great importance. It will be noted that the efficiency 
falls off much less rapidly at loads above that giving the greatest 
efficiency than it does at loads below that point. Moreover, the dome 
is relatively flat, and fairly large variations of load near the best 
point can be obtained without very great variations in thermal 
efficiency. In the case illustrated, an efficiency of 75 per cent or better 
is obtainable between about 70 per cent and 190 per cent of rating, 
and 78 per cent or better is obtainable between about 85 and 160 
per cent of rating. 

The most economical thermal results are obviously obtainable when 
such a number of boilers is operated as will require those operating to 
carry loads near that giving the best point on the curve. It is 
equally evident that when swinging loads are considered it is best 
to have the average load on a boiler fall above rather than below the 
best point because of the less rapid drop of the right hand side of 
the curve. 

Economic considerations, other than those involving the cost of 
fuel, also dictate average operation at a point above that giving 
the highest thermal efficiency. As regards apparatus of the type 
assumed in obtaining the curve in figure 4 an average load near 140 
per cent of rating would probably give about the best compromise 
under normal central station conditions, unless fuel was far above 
average prices. 

Two further modifying conditions must also be noted in this con- 
nection. First, it may be necessary to operate in such a way that 
peak loads of large size can be picked up quickly on boilers already 
in operation. This may dictate operation at a point lower on the 
curve than would otherwise be chosen. Second, the character of the 
station load may be such that very light loads must be carried during 
many hours out of the 24. This may dictate average operation at a 
higher point on the curve than would otherwise be chosen, in order 
that all of the boilers operating can follow the load downward for a 
considerable distance before banking of any boilers is required. 

Banking of boilers should be carefully studied in every case. A 
certain definite quantity of coal is consumed during every banking 
period and this quantity can be determined by experiment. It is, 
therefore, actually possible to determine at what point in the char- 
acteristic curve it is more economical to bank one or more boilers than 
to carry all at a lower rating. 

For instance, assume a station containing 10 boilers, each rated at 
600 boiler horsepower. Assume further that all 10 are operated at 
moderate loads above rating during the day and early evening, and 
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that later the load on the plant drops to a point which requires 3,000 
boiler horsepower for its operation. 
This load could be carried in any one of the following ways: 


10 boilers working at 50 per cent of rating; 

9 boilers working at about 55.5 per cent of rating; 
8 boilers working at about 62.5 per cent of rating; 
7 boilers working at about 71.5 per cent of rating; 
6 boilers working at about 83.5 per cent of ratirg; 
5 boilers working at rating; 

4 boilers working at 125 per cent of rating; or 

3 boilers working at about 166 per cent of rating. 


The operator must determine which one of these various possible 
arrangements gives the best results. A first tentative decision may 
be made on the basis of fuel economy and then the effect of other 
relevant matters may be considered. 


CALCULATION OF THERMAL COSTS. 


Before any calculations can be made it is necessary to know the 
fuel cost of banking and the leat value of the coal. Assume, there- 
fore, that it has been found by experiment that it costs 0.2 pound of 
coal per rated boiler horsepower, per hour, for the character of bank 
that must be used in the station in question, and that the fuel used 
has a heat value of 13,500 British thermal units per pound; assume, 
also, that the lower curve of figure 4 represents the characteristics of 
the boilers under consideration; then, if a boiler horsepower is as- 
sumed to be equivalent of 33,479 British thermal units, it becomes 
possible to tabulate the thermal costs for all the possible cases, as 
follows: 


1, OPERATION OF 10 BOILERS AT 50 PER CENT OF RATING. 
The curve assumed indicates an efficiency of about 57.5 per cent at 
this loading, therefore 
Heat supplied operating boilers per hour = ____~ 3, 000 X33, 479 
eRNre ene mo B75 == 174, 678, 000 
Heat supplied banked boilers per hour = —~_------------__-_--- 0 
Total heat supplied per hour = 


2. OPERATION OF 9 BOILERS AT 55.5 PER CENT OF RATING, 


The curve assumed indicates an efficiency of about 60 per cent of 
this loading, therefore 


Heat supplied operating boilers per hour = -____ 3, 000X383, 479 
si sig it aes OB = 187, 395, 000 
Heat supplied 1 banked boiler per hour =____ 600X0.2X18,500= 1, 620, 000 
Total heat supplied per hour = -_-_--------------------- = 169, 015, 000 
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8. OPERATION OF 8 BOILERS AT 62.5 PER CENT OF RATING. 


The curve assumed indicates an efficiency of about 63 per cent at 
this loading, therefore 


sat s 1 erating boilers = _.... , 000 X 33, 47 
Heat supplied operating boilers per hour 3, 0 3. Y= 550, 423, 000 


Heat supplied 2 banked boilers per hour =2X600X0. 2x 13, 500= _ 3, 240, 000 
Total heat supplied per hour = __----------------------- 162, 668, 000 
4. OPERATION OF 7 BOILERS AT 71.5 PER CENT OF RATING, 
The curve assumed indicates an efticiency of about 65.2 per cent at 
this loading, therefore 


Heit s lied operati boil I f= __ 3, 000 K 33, 479 e 
eat supplied operating boilers per hour ae 7 = 154, 044, 000 


Heat supplied 3 banked boilers per hour =3X600X0. 213,500 4, 860, 000 


Total heat supplied per hour = —_-_-_~-__-__-_____-_____ 158, 904, 000 


5. OPERATION OF 6 BOILERS AT 83.5 PER CENT OF RATING, 


The curve assumed indicates an efficiency of about 68.2 per cent at 
this loading, therefore 


Heat s lied rating boilers per hour = ____~ 3, 000 X 33, 479 
at supplied operating bo S pe OU Aine = 147, 268, 000 


Heat supplied 4 banked boilers per hour = 4600 X90, 2X 13,500= 6, 480, 000 


Total heat supplied per hour = _____---______-__________ 153, 748, 000 
6. OPERATION OF 5 BOILERS AT RATING. 
The curve assumed indicates an efficiency of about 71 per cent at 


this loading, therefore 


Heat lied operating boilers per hour = ____- 8, 000 X 33,479 
eat supplied ope g bo per h 5.0008 = 141, 461, 000 


Heat supplied 5 banked boilers per hour =5X600X0. 213, 500= __ 8, 100, 000 
Total heat supplied per hour = __-_--__-___-__---_---_- 149, 561, 000 
7. OPERATION OF 4 BOILERS AT 125 PER CENT OF RATING. 


The curve assumed indicates an efficiency of about 72 per cent at 
this loading, therefore 


Heat supplied operating boilers per hour = ____~- 3. aaa a1 = 159, 496,000 
Heat supplied 6 banked boilers per hour =6X600X0, 2X13, 500= — 9, 720, 000 


Total heat supplied per hour = —___--------_--_-_---_-__ 149, 216, 000 


8. OPERATION OF 3 BOILERS AT 166 PER CENT OF RATING, 


The curve assumed indicates an efficiency of about 70 per cent at 
this loading, therefore 


Heat supplied operating boilers per hour = _____ 3, 000 X 33, 479 


0.70 = 143, 481, 000 
Heat supplied banked boilers per hour = __7X600X0, 2X13, 500 = 11, 340, 000 


Total heat supplied per hour = ___--___--__ Sie Sss cSt 154, 821, 000 
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Obviously methods 6 and 7 are practically equivalent from a ther- 
mal viewpoint and are thermally more efficient than any of the other 
combinations. If no other considerations led to a different result 
this plant should therefore bank five or six boilers at night. 

From the preceding paragraphs it should be apparent that it is 
possible to base the running of a boiler room on characteristic curves 
in much the same way as was shown to be possible with the turbine 
room. However, there is a most essential difference between the 
two kinds of apparatus. A turbogenerator automatically reproduces 
a given thermal efficiency at a given load under given conditions of 
pressure, superheat, and vacuum, but there is nothing automatic about 
a boiler. The reproduction of results which have been found possible 
in a boiler room requires the constant attention of a skilled and ap- 
preciative operator, one who understands and who has the patience 
and persistence required to make numerous adjustments at frequent 
intervals. The greatest savings can generally be effected by so pick- 
ing and so training the boiler-room crew that the results of daily 
operation practically duplicate what has been found possible during 
tests conducted under such conditions as were outlined in an earlier 
paragraph. 

Experience has shown that one of the best methods of keeping a 
boiler-room crew up to the proper working level is to determine 
average boiler efficiency for each week or each month of operation 
and to acquaint them with the results. Such efficiencies are easily 
calculated with a reasonable degree of accuracy if the coal is weighed 
and the feed water is metered. Equipment for such purposes should 
form an integral part of every modern station. 


OPERATION OF AUXILIARIES. 


In steam power-plants power is required for running a number of 
auxiliaries, such as coal-handling apparatus, stokers, boiler feed 
pumps, circulating pumps, ete. The methods used for obtaining this 
power are determined as a compromise between reliability, conven- 
ience, thermal economy, and financial economy. 

Before the various methods available are considered it is desirable 
to cal] attention to several impressions that are widely held, although 
they are only partly true. Thus it is often assumed that steam-driven 
auxiliaries are thermally the most economical because the steam ex- 
hausted from auxiliary drives can be used in heating the feed water. 
Again, others hold that electric drive is thermally the most economical 
arrangement because the power used by the auxiliaries is generated 
in the main units of the station and these are unquestionably far more 
efficient than the scattered small units that would be used for direct 
steam drive. Similarly, there are several other equally comprehen- 
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sive statements of supposed facts with regard to auxiliary drive that 
are just as mutually contradictory. 

As a matter of fact, no broad statements of the type indicated 
above can be true in general. Each method available is adapted to 
the solution of certain problems and it generally results in practice 
that a compromise must be made between several methods to obtain 
the best results. Certain fundamentals can be laid down, however, 
and may be used as guiding prin- 
ciples for making a choice between 
possible methods in planning a new 
installation, or as indications of the 
best methods of operating stations 
already constructed. Often a study 
of operating conditions in the light of 
these fundamentals will show that it 
would pay handsomely to alter the 
auxiliary machinery in existing 
plants. 
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“ STRAIGHT ” STEAM DRIVE. 


Heat in auxiliary exhaust 
Heat in main condensate 
returned to boilers 


Fic, 5.—Heat diagram for unmodified or “straight” auxiliary steam drive. 


What may be designated as the un- 
modified or “ straight ” steam method 
of auxiliary drive is illustrated dia- 
grammatically in figure 5. The 
width of the stream as shown by the 
dimension A _ represents the total 
amount of heat supplied the boiler. 
Of this, a part is lost at the boiler, 
and a part is lost in steam lines and 
traps, and a part enters the main unit. 
The remainder finally arrives at the 
auxiliary machinery, where it is split 
into three parts: (a) The auxiliary 
power sought; (4) losses by radia- 
tion, friction, windage, etc.; and (c) 
heat in the exhaust steam. The heat 
in the exhaust steam is returned to 
the boiler by being absorbed in the 
feed water, and thus it forms part of the width of the stream as indi- 
cated by A. If it were not returned in this way the part of the stream 
representing heat in fuel would have to be wider by the amount indi- 
cated by B in the figure. 

The heat in the exhausted auxiliary steam really travels around 
in a short-circuited path as indicated. It joins the stream going to 
the auxiliaries, thus increasing its width, and continuously comes 
back and starts again. 


Boiler losses Steam pipe leakage 
losses, etc. 


Heat in returned condensate 


Heat in returned auxiliary exhaust 
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As a rough approximation, auxiliary power obtained in this way 
may be said to cost about 4,500 British thermal units per kilowatt- 
hour of auxiliary power. This figure is obtained as follows: One 
kilowatt-hour is equivalent to 3,412 British thermal units, and the 
net cost of obtaining this with the method shown in figure 5 is 3,412 
British thermal units plus some boiler losses, steam-pipe losses, and 
radiation, friction, and windage losses chargeable to 1 kilowatt-hour 
of auxiliary power. The total is ordinarily not much different from 
4,500 British thermal units in fuel per kilowatt-hour of auxiliary 
power. 

It must be noted that this figure holds only for conditions under 
which the steam exhausted from auxiliaries can be absorbed by the 
feed water. Ifa condition arises in which auxiliary exhaust must be 
discharged to the atmosphere, the auxiliary power must be charged 
with the heat in its exhaust steam, and a kilowatt-hour generated 
under these conditions involves an expenditure of 50,000 to 200,000 
British thermal units. 

It is now possible to demonstrate the fallacy of a common state- 
ment to the effect that the economy of the steam engines or turbines 
used for driving auxiliary apparatus makes no difference in the 
economy of the plant. In plants of modern proportions the amount 
of auxiliary power required per kilowatt capacity of main units is 
such that at light and moderate loads much more auxiliary steam 
would be made than could be absorbed by the feed water. It there- 
fore follows that if a straight steam-driven auxiliary system is 
adopted, the greatest thermal efficiency will result when the most 
eflicient engines or turbines are used for driving auxiliaries. 
Whether the use of such efficient, and therefore costly, auxiliary 
drives would result in the greatest economic efliciency would depend 
entirely upon the costs of fuel and capital. Ordinarily, the fuel 
saving would be such as to balance a very considerable increase in 
first cost. 


“ STRAIGHT ” ELECTRICAL DRIVE, 


The direct opposite of what has been called the unmodified 
steam method will be designated as the unmodified or “straight” 
electrical method. In this method all auxiliaries are motor driven 
and the power is taken from the main units served or from the station 
bus. Turbine plants of modern design should produce a kilowatt- 
hour with an expenditure of 19,000 to 25,000 British thermal units 
in coal. Therefore every kilowatt-hour taken for the driving of 
auxiliaries represents a thermal cost of the order of 23,000 to 30,000 
thermal units, after allowing for the various efliciencies involved, 

The unmodified electrical method possesses many advantages, such 
as reliability, simplicity, flexibility, cleanliness, and such, but it is 
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unquestionably thermally expensive as compared to the other method 
under conditions that permit total absorption of the exhaust. On 
the other hand, the thermal cost of auxiliary power generated with- 
out reclamation of the heat in the exhaust is two to eight times as 
large as that characteristic of the “ straight ” electrical method. 

In some of the stations installed a decade or more ago the auxiliary 
problem was solved by the use of both steam and electrically driven 
units. This may be designated as the dual system. A sufficient num- 
ber of steam-driven auxiliaries were operated to give that quantity 
of exhaust steam which could be absorbed by the station feed, and 
all of the remaining auxiliary power was obtained electrically with 
energy taken from the main units. Many systems of this sort are in 
successful operation. 

Obviously, the correct apportionment between the two different 
methods in the dual system varies with the station load. With high 
loads and large quantities of feed water the greater part of the aux- 
iliary power is obtained with steam, and with light loads a large part 
is obtained electrically. Consequently the thermal cost of auxiliary 
power varies with the load. At high loads this cost tends to ap- 
proach the 4,500 to 5,000 thermal units characteristic of steam drive 
with utilization of exhaust, and at light loads it tends to approach a 
figure nearer 20,000 to 30,000 thermal units. 

Following the development of the dual system came many schemes 
of various sorts for still further reducing the cost of auxiliary power 
and for increasing operating convenience. 


OTHER SYSTEMS FOR DRIVING AUXILIARIES. 


One such system drives the auxiliaries electrically with power 
taken from the main units and heats the feed water with steam drawn 
from the medium or low pressure stages of the main turbines. This 
system is capable of many variations but in all of its forms it amounts, 
thermally, to the generation of auxiliary power with steam up.to the 
ability of the feed water to absorb the exhaust, and the use of elec- 
trical energy generated in the main unit for auxiliary power in ex- 
cess of this quantity. However, as the main units are the source 
of the steam-generated part of the auxiliary power, the steam drives 
of the auxiliaries are very economical and a larger proportion of 
auxiliaries can be driven in this way than could be done if many 
small steam-driven units were used. Moreover, all advantages of 
“straight” electrical drive are obtained, and the operation of the 
system is delightfully simple. The different demands made by the 
feed water at different loads can be met by merely controlling the 
steam bled from lower stages of the turbine. By placing the bleeder 
valves under thermostatic control the operation can be made en- 
tirely automatic, 
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The thermal cost of auxiliary power with this arrangement is 
similar to that of the dual system, but with normal load curves it 
should be lower through the greater thermal efficiency of the ap- 
paratus used for furnishing the “ steam-driven ” part of the auxiliary 
power. Because of the greater thermal efficiency, a smaller number 
of pounds of “exhaust” steam will be made per unit of auxiliary 
power generated and a greater part of the total can therefore be gen- 
erated in this way without exceeding the ability of the feed water to 
absorb “ exhaust ” steam. 

Another system that has been used extensively is almost the op- 
posite of that last described. The auxiliary apparatus is driven by 
numerous small steam-operated units. As much as possible of the 
steam exhausted by these units is absorbed in the feed water and 
the remainder is fed to the low-pressure stages of the main turbines. 
By the use of an automatic valve on the auxiliary exhaust the appor- 
tionment of exhaust steam can be made automatic in operation; in 
this respect the system behaves similarly to that last described. 

It is obvious that whatever part of the auxiliary power is derived 
from steam that is later absorbed by the feed water is obtained at 
the thermal cost characteristic of a “straight” steam system. As 
the steam drives of the auxiliaries are bound to be of small capacity 
they are commonly characterized by low thermal efficiency and there- 
fore use a relatively large quantity of steam per kilowatt-hour de- 
veloped. In this respect the system is less economical than that pre- 
viously described, because with absorption of exhaust steam by the 
feed water a smaller part of the total auxiliary demand can be 
supplied. 

A consideration of the thermal cost of that part of the auxiliary 
power obtained from steam exhausted into the main units is more 
complicated. In general, it can be assumed that about half of the 
energy made available by steam expanding from boiler to condenser 
pressure in modern turbines is developed during the expansion from 
boiler pressure to atmospheric pressure. The other half is pro- 
duced by the expansion from atmospheric pressure to the back pres- 
sure maintained at the turbine exhaust. Therefore, every pound 
of auxiliary steam exhausted at about atmospheric pressure into the 
lower stages of the main turbines may be said to make available at 
the main generators about the same amount of energy as would be 
made available by half a pound of steam entering at the high-pres- 
sure end of the main turbines and expanding to condenser pressure. 

The thermal cost of auxiliary power obtained from steam ex- 
hausted into the main units may obviously be obtained by subtract- 
ing from the heat supplied the auxiliaries per kilowatt of auxiliary 
power a credit based on the amount of heat that has been made un- 
necessary for the supply of the main units. Thus, if the auxiliaries 
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use, say, 50 pounds of high-pressure steam per kilowatt-hour of 
auxiliary power generated, this steam exhausted into the main units 
will take the place of 25 pounds of main steam. The net cost of 1 
kilowatt-hour of auxiliary power would then be the heat above feed 
temperature in 25 pounds of high-pressure steam. 

With feed at 210° F. and modern pressures and superheats; the 
quantity of heat thus chargeable per pound would be in the neigh- 
borhood of 1,100 British thermal units. In the assumed case the 
auxiliary power would therefore cost about 25 1,100=27,500 British 
thermal units per kilowatt-hour. With more efficient auxiliary drives 
this figure would be lowered and with less efficient auxiliary drives it 
would be raised. 

The values assumed are somewhat lower than would be expected 
in the average practice, and it is obvious that, in general, this method 
of obtaining auxiliary power may be expected to be slightly more 
costly than that last described. 


CONCLUSIONS, 


A careful consideration of all the methods described thus far war- 
rants these conclusions: 

1. The smallest thermal cost for auxiliary power is incurred when 
generated by steam with complete absorption of the exhaust in the 
feed water. 

2. The greatest possible part of all of the auxiliary energy re- 
quired can be obtained in this way when the steam drives used with 
the auxiliaries have the greatest possible thermal efficiency. 

3. Auxiliary power in excess of that obtainable with exhaust steam 
absorption can be procured from the main generators in electrical 
form at a lower thermal cost than in any other way. 

To these conclusions may now be added two commonly known 
facts: 

1. The increasing price of fuel is leading more central stations to 
the use of economizers. 

2. The greatest saving is effected with economizers when the water 
supplied them is at the lowest permissible temperature. This value 
is probably somewhere between 120° and 150° F., depending upon the 
types of economizer used and the care with which it is operated. 

At first glance some of the items listed in the two groups seem 
contradictory when viewed with regard to thermal efficiency. Thus 
the use of feed water at 140° F., say, must reduce the quantity of aux- 
iliary steam that can be used for feed-water heating and must 
therefore increase the average cost of auxiliary power. However, 
when all of the listed items are taken into account they point toward 
another solution of the auxiliary power problem which has been 
found both thermally efticient and very practical. 
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It is obvious that fairly high thermal economy is more readily 
obtainable with one turbine of moderate size than with a great num- 
ber of small turbines aggregating the same capacity. It is also ob- 
vious that, if the turbine is properly designed, the quantity of steam 
required by it at any given load will decrease as the back pressure is 
decreased. 

With the system referred to, all, or practically all, of the aux- 
iliaries are electrically driven, but as much as possible of the electric 
power used is taken from an auxiliary, steam-driven generator of 
fairly large size. The remainder is taken from the main unit. Steam 
exhausted by the auxiliary turbogenerator unit is passed into a feed- 
water heater as in the “straight ” steam method, but the feed-water 
heater is arranged so that it can be operated at a pressure below 
atmospheric if desired. 

The feed-water heater therefore may serve as a condenser so far 
as the auxiliary turbine is concerned and the water rate of the auxil- 
iary turbine may thus be lowered still further, with reference to the 
aggregate water rate of a number of small steam units. 

This system is thermally the exact counterpart of the dual method 
previously described. It is, however, thermally superior in that the 
greater efficiency of the large auxiliary unit makes possible the 
absorption of the steam made from the generation of a larger part 
of the total auxiliary power. It is also superior in that a control of 
the auxiliary steam made is available, for, with any given load, the 
quantity of steam demanded depends entirely on the back pressure. 

These points of superiority can be utilized in two ways. The 
auxiliary unit may be operated with atmospheric-exhaust pressure, 
when the advantage gained is merely that of being able to carry a 
greater part of the total auxiliary load on the steam-driven auxiliary 
apparatus. Or the auxiliary unit may be operated with low back- 
pressures, so low as to give feed-water temperatures as low as 140° 
F.; in this case economizers can be used to full advantage and a 
greater part of the auxiliary power can be carried on steam-driven 
machinery than would be permissible with a number of small steam- 
driven units exhausting at a corresponding temperature. 

Thermally, the cost of auxiliary power is approximately 4,500 to 
5,000 thermal units for all that power obtained from the auxiliary 
generator, and all power in excess of this is obtained from the main 
generator at a thermal cost of 23,000 to 80,000 heat units. 

From this hasty survey of the methods of obtaining auxiliary 
power, and the possible costs of auxiliary power it should be evident 
that large errors can be made in the original design. It is also pos- 
sible to make costly errors in operation. To illustrate: Assume that 
in a certain station, operating at normal day load, the total amount 
of power used for auxiliaries and for house service of all kinds 
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amounts to 10 per cent of that sent out. This is a figure that should 
not be exceeded but is often equaled. Under these conditions, for 
every 1,000 kilowatt-hours sent out of the station it is necessary to 
produce 100 kilowatt-hours for the operation of auxiliaries, station 
lights, ete. 

If it be assumed that the main units are capable of producing 
a kilowatt-hour for 20,000 thermal units in fuel fired it is possible 
to show the decidedly weighty influence of the thermal cost of 
auxiliary power. 

Tt has been shown that auxiliary power may cost anywhere between 
about 4,500 and 200,000 thermal units, depending on the method 
used. At 4,500, the auxiliary power would cost about 4,500 100= 
450,000 thermal units in the assumed case. This would be equal to 
about 2.25 per cent of 20,000 1,000=20.000,000 thermal units re- 
quired by the main units. On the other hand, if the auxiliary power 
costs 200,000 units per kilowatt-hour the total would be 200,000x 
100=20,000,000, or exactly the same as that required by the main 
units. 

With all auxiliary power taken electrically from efficient main 
units the cost would probably be at least 23,000 units per kilowatt- 
hour. This would give a cost in the assumed case equal to 23,000 
100=2,300,000, or about 11.5 per cent of that required by the main 
units for the generation of power leaving the station. 

These figures should serve to show the tremendous importance of 
the proper operation of auxiliary machinery. It does little good to 
determine the water rates of the main units and operate for a mini- 
mum station water rate of these alone, as suggested in the first part of 
this paper, if the thermal savings effected are equaled or more than 
equaled by losses through wrong operation of auxiliary systems. 
Further, the tendency to regard these auxiliary systems as necessary 
nuisances of no great thermal significance is very apt to lead toward 
such a state. 

In conclusion, as much as possible of the auxiliary power should 
be obtained in such a way that resultant exhaust steam can be 
absorbed by the feed water. The remainder of the necessary aux- 
iliary power should be obtained in electrical form from the most 
cficient units available. The observance of these two rules leads to 
maximum thermal economy. 

The exact method adopted for achieving these desirable results 
must depend upon the layout and the characteristics of the partic- 
ular station. No one system is preeminently superior under all con- 
ditions. However, it should be noted that the possibilities of a system 
often can be greatly increased by making comparatively insignificant 
changes along lines suggested in the preceding discussion. 
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PUBLICATIONS ON THE UTILIZATION OF COAL AND LIGNITE. 


A limited supply of the following publications of the Bureau of 
Mines has been printed and is available for free distribution until 
the edition is exhausted. Requests for all publications can not be 
granted, and to insure equitable distribution applicants are requested 
to limit their selection to publications that may be of especial interest 
to them. Requests for publications should be addressed to the Di- 
rector, Bureau of Mines. 

The Bureau of Mines issues a list showing all its publications 
available for free distribution as well as those obtainable only from 
the Superintendent of Documents, Government Printing Office, on 
payment of the price of printing. Interested persons should apply 
to the Director, Bureau of Mines, for a copy of the latest list. 


PUBLICATIONS AVAILABLE FOR FREE DISTRIBUTION, 
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